0291 2 6-Aminolevulinic acid (ALA), the universal biosynthetic precursor of tetrapyrrole pigments, is synthesized from glutamate in plants, algae, and many bacteria via a three-step process that begins with activation by ligation of glutamate to tRNAG'", followed by reduction to glutamate-1-semialdehyde (GSA) and conversion of CSA to ALA. The CSA aminotransferase step requires no substrate other than CSA. A previous study examined whether the aminotransferase reaction proceeds via intramolecular or intermolecular N transfer and concluded that the reaction catalyzed by Chlamydomonas extracts occurs via intermolecular N transfer (Y.-H.L. Mau and W.-Y. Wang 119881 Plant Physiol 8 6 793-797). However, in that study the possibility was not excluded that the result was a consequence of N exchange among product ALA molecules during the incubation, rather than intermolecular N transfer during the conversion of GSA to ALA. Therefore, this question was reexamined in another species and with additional controls. A gel-filtered extract of Chlorella vulgaris cells was incubated with ATP, Mg'", NADPH, tRNA, and a mixture of L-glutamate molecules, one-half of which were labeled with 15N and the other half with 13C at C-1. The ALA product was purified, derivatized, and analyzed by gas chromatography-mass spectrometry. A significant fraction of the ALA molecules was heavy by two mass units, indicating incorporation of both "N and 13C. These results show that the N and C atoms of each ALA molecule were derived from different glutamate molecules. Control experiments indicated that the results could not be attributed to exchange of N atoms between glutamate or ALA molecules during the incubation. These results confirm the earlier conclusion that GSA is converted to ALA via intermolecular N transfer and extend the results to another species. l h e labeling results, combined with the results of kinetic and inhibitor studies, support a model for the CSA aminotransferase reaction in which a single molecule of GSA i s converted to ALA via an enzyme-bound 4,5-diaminovaleric acid intermediate.
tRNA. The activated glutamate is then reduced to GSA (Fig.  1) by NADPH-dependent glutamyl-tRNA reductase. Finally, conversion of GSA to ALA is catalyzed by GSA aminotransferase (EC 5.4.3.8) . The last step is unusual for an aminotransferase in that GSA is the only required substrate and ALA the only product. Therefore, it follows that GSA is the source for both the C atoms and the N atom of the ALA product molecules. Because the enzyme catalyzes the net transfer of N from C-2 of GSA to C-5 of the product, it has also been referred to as an aminomutase (Smith et al., 1991a) .
Severa1 catalytic mechanisms have been proposed for the GSA aminotransferase reaction (Mau et al., 1987; Breu and Domemann, 1988; Hoober et al., 1988; Kannangara et al., 1988; Bull et al., 1990; Smith et al., 1991a Smith et al., , 1991b Dornemann, 1992; Friedmann et al., 1992; Grimm et al., 1992; Ilag and Jahn, 1992; Pugh et al., 1992; Smith and Grimm, 1992) . The enzyme requires pyridoxal phosphate or pyridoxamine phosphate as cofactor (Avissar and Beale, 1989b; Bull et al., 1990 ).
In one model (Fig. 2 , model l), two GSA molecules are simultaneously bound at a catalytic site, where they dehydratively condense to form a dihydropyrazine, which then hydrolyzes to produce two ALA molecules. A dihydropyrazine intermediate has been proposed as the intermediate in the nonenzymic transformation of GSA to ALA, which is promoted by high GSA concentration and elevated pH (Gough et al., 1989) . A second model (model2) proposes that the enzyme prosthetic group cycles between the pyridoxamine and pyridoxal forms, alternately donating an N to C-5 of a GSA molecule, forming enzyme-bound DAVA, and accepting an N from C-4 of the same DAVA molecule, yielding ALA. A variation of this model (model 3) proposes an intermediate that is bound to the prosthetic group as the pyridoxaldimine. Another model (model 4) is similar to the second, except that the prosthetic group first accepts an N from C-2 of GSA, forming pyridoxamine and enzyme-bound DOVA, which then receives the same N at C-5 to form ALA. Variations of these models provide for a diffusible, nonenzyme-Mayer e t al.
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MATERIALS A N D METHODS
during its conversion to ALA (Beale et al., 1975; Meller et al., 1975) .
Growth of Cells
A distinguishing feature of the different proposed reactions is that, in some models, the N atom of ALA is derived from the same CSA molecule as are the C atoms, whereas in other models the N atom is necessarily derived from a different GSA molecule than are the C atoms. Determination of whether the conversion of GSA to ALA proceeds via intermolecular or intramolecular N transfer can therefore be used to test, and possibly exclude, some of the proposed reaction mechanisms. Mau and Wang (1988) studied ALA formation from mixtures of I5N-and 13C-labeled glutamate i n extracts of Chlamydomonas reinhardtii. On the basis of the mass spectral data indicating that a significant proportion of the ALA product molecules contained both 15N and 13C, it was concluded that the conversion of GSA to ALA occurs via intermolecular N transfer. In an important control experiment, analysis of substrate glutamate after the incubation indicated that the labeled glutamate molecules interchanged N atoms to only a relatively small extent during the incubation. However, the possibility was not excluded that, after their formation, the ALA molecules exchanged N atoms during the incubation. Such an exchange might occur, for example, if ALA could reversibly transfer its N to an enzyme-pyridoxal moiety to form enzyme-pyridoxamine and DOVA (Fig. 3) . Exchange could also occur if two ALA molecules, or an ALA and a GSA molecule, reversibly exchanged their N atoms via a dihydropyrazine adduct. If N exchange occurs between ALA and/or GSA molecules, the mass spectral analysis would give Chlorella vulgaris Beijerinck strain C-10 was grown heterotrophically in Glc-based liquid medium as previously described (Weinstein and Beale, 1985) , on rotary shakers at 25OC. Strain C-10 forms Chl only in the light. Cells were grown to mid-exponential growth phase in complete darkness, then transferred to the light (32 PE m-' s-I, supplied by equal numbers of cool-white and red fluorescent tubes) for 2 h before harvesting, to induce rapid greening.
Cell Extraction for Enzyme Preparation
A11 operations were performed at O to 4OC. Cells were harvested as previously described (Weinstein and Beale, 1985) , resuspended in homogenization medium (300 m glycerol, 100 mM Tricine, 15 mM MgC12, 1.0 m DTT, 0.004% [w/v] PMSF [pH 7.9]), and broken by passage through a French pressure cell at 23,000 p.s.i. The homogenate was centrifuged at 10,OOOg for 10 min to remove cell debris and unbroken cells, stirred with 0.5 M NaCl for 20 min, then clarified by centrifugation for 90 min at 264,0008. The supematant was fractionated by differential (NH4)'S04 precipitation in the presence of 5 mM EDTA and 0.004% (w/v) PMSF. The fraction that precipitated between 35 and 60% of saturating (NH4)2S04 concentration was dissolved in column buffer (1.0 M glycerol, 50 mM Tricine, 15 mM MgCI', 1.0 mM DTT [pH 7.91) and desalted by passage through a Sephadex G-25 column that was preequilibrated with column buffer. The eluate was adjusted to 0.004% (w/v) PMSF and stored Top, Reversible transfer of N to an enzyme-pyridoxal (E-P=O) to form enzyme-pyridoxamine (E-P-NH2) and DOVA. Middle, Dehydrative condensation of two ALA molecules to form 2,5-di(3-propionic acid)-dihydropytazine, followed by rehydration to two GSA molecules. Bottom, Dehydrative condensation of an ALA with a GSA to form 2,6-di(3-propionic acid)-dihydropyrazine, followed by rehydration with N exchange.
at -75OC. This procedure differed from previous ones in that pyridoxal phosphate was omitted from a11 solutions during the enzyme preparation.
Cell Extraction for tRNA
The procedure employed was similar to those previously described for isolation of tRNA from Euglena (Fannerie et al., 1982) and Chlorella (Weinstein and Beale, 1985) . RNA was prepared by extraction of high-speed supernatant obtained from cells broken in RNA extraction medium (100 m NaC1, 10 mM Tris-HC1, 10 mM Mg acetate, 10 m P-mercaptoethanol, 5 mM EDTA [pH 7.51) at a ratio of 2 mL of buffer per g of cells. The supernatant was adjusted to a volume of 4 mL per g of cells, SDS was added to a final concentration of 1% (w/v), and the solution was mixed with an equal volume of phenol (previously equilibrated with RNA extraction medium). The separated phenol phase was extracted with 0.5 volume of RNA extraction medium, the aqueous phases were combined, 2.5 volumes of absolute ethanol were added, and the nucleic acids were precipitated overnight at -2OoC, collected by centrifugation, dissolved in RNA extraction medium, and extracted three to four times with equal volumes of chloroform/isoamyl alcohol(24:1, v/v). tRNA was isolated by DEAE-cellulose chromatography as previously described (Avissar and Beale, 1988) . tRNA was deacylated by dissolving the precipitate in 500 m Tris-HC1 (pH 8.0) and incubating it at room temperature for 2 h. The deacylated RNA was precipitated by the addition of one-tenth volume of 3 M Na acetate and 2.5 volumes of absolute ethanol and cooling to -75OC, collected by centrifugation, washed with 70% (v/v) aqueous ethanol, and dried with a stream of air while being maintained at O°C on ice. The tRNA was dissolved in extraction medium containing 1.0 mM DTT and stored in small aliquots at -2OOC.
ALA Formation
Incubations were camed out by modifications of a previously described method (Weinstein et al., 1986) . A major modification was that pyridoxal phosphate was omitted from a11 solutions. Incubation was for 60 min at 3OoC in 0.75 to 1.5 mL of assay medium (1.0 M glycerol, 50 mM Tricine, 15 mM MgC12, 5 mM ATP, 5 mM levulinic acid, 1 .O mM NADPH, 1.0 mM glutamate, 1.0 mM DTT [pH 7.91). Incubations contained 13.3 A260 units of RNA and 7.33 mg of protein per mL of reaction volume. As described in "Results," the substrate glutamate consisted of "N-or 13C-labeled molecules or mixtures of the two. In some incubations where indicated, ALA was added to, and glutamate and tRNA were omitted from, the incubation mixtures. Reactions were terminated by addition of one-tenth volume of 1.0 M citric acid and one volume of 10% (w/v) aqueous SDS followed by heating for 3 min at 95oc.
ALA and glutamate were separated by Dowex 50W-X8 (Na) chromatography. The column (0.25-mL bed volume) was preequilibrated with 50 m Na citrate (pH 3.0) containing 25% (v/v) methanol. The sample was applied to the column and the eluate was discarded. Glutamate was then eluted with 0.5 mL of 50 mM Na citrate (pH 3.0) containing 25% (v/v) methanol. The column was next washed with 0.5 mL of water and the eluate was discarded. Finally, ALA was eluted with 0.5 mL of 0.5 M Na phosphate (pH 6.8) containing 0.01% (w/v) NaN3.
For ALA determination, ethylacetoacetate was added to the isolated ALA, and the solution was heated to 95OC for 15 min to form l-methyl-2-carboxyethyl-3-propionic acid pyrrole (Mauzerall and Granick, 1956 ). The product was quantified spectrophotometrically after reaction with an equal volume of Ehrlich-Hg reagent (Urata and Granick, 1963) , using a Cary model 219 spectrophotometer (Varian). ALA was calculated from a standard curve with samples containing known amounts of ALA.
Derivatization for Mass Spectral Analysis
Before esterification, ALA was acetylated by a method adapted from Riordan and Vallee (1972) to prevent formation of the lactam. To a 0.5-mL sample in the phosphate elution buffer were added 400 pL of 1 M NaHC03 and 10 pL of acetic anhydride. After 10 min at room temperature, an additional200 pL of NaHC03 and 10 pL of acetic anhydride were added. After an additional 10 min, third aliquots of NaHC03 and acetic anhydride were added. After each addition, the solution was monitored with pH paper to verify that the pH was equal to or greater than 8.0. After acetylation, acetic acid was removed by lowering the pH to 3.0 with HC1 and drying under a stream of dry N2. The residue was redissolved in distilled water and dried under reduced pressure in a centrifugal evaporator.
The N-acetyl-ALA samples were dissolved in 1 mL of distilled water and titrated to pH 5 with NaZHP04. Acetone (1 mL) and pentafluorobenzyl bromide (10 pL) were added and the samples were then heated at 65OC for 1 h. After esterification, the acetone was removed under a stream of dry Nz and the pentafluorobenzyl esters were extracted with three I-mL aliquots of ethyl acetate. The ethyl acetate and excess pentafluorobenzyl bromide were removed under a stream of dry Nz.
The glutamate samples were converted to the lactam (pyroglutamate) and esterified directly in the pH 3.0 citrate elution buffer. Acetone (1 mL) and pentafluorobenzyl bromide (10 pL) were added to 1-mL samples of glutamate-containing solutions. The esterification reaction conditions and subsequent extraction of the pentafluorobenzyl ester were as described above. Under these esterification conditions, N-pentafluorobenzylation of the glutamate amine competes with lactam formation. If N-pentafluorobenzylation occurs first, lactam formation proceeds and the product is N,O-bispentafluorobenzyl-pyroglutamate. If lactam formation occurs first, N-pentafluorobenzylation does not occur and the product is pyroglutamate pentafluorobenzyl ester.
Mass Spectral Analysis
The pentafluorobenzyl esters were dissolved in 100 pL of ethyl acetate and 3-PL aliquots were introduced through a splitless injector into a Hewlett-Packard 5890 gas chromatograph (Hewlett-Packard Co., Palo Alto, CA) interfaced with a Hewlett-Packard 5988A quadrupole mass spectrometer operating in the negative chemical ionization mode. The pentafluorobenzyl esters of both N-acetyl-ALA and pyroglutamate were analyzed on a Hewlett-Packard HP-1 column (12 m X 0.2 mm) with a He flow rate of 1 mL/min and a temperature ramp running from 70 to 27OOC at 30°C/min. The mass spectrometer was operated at an electron energy of 240 eV. The source was maintained at 25OOC and the methane pressure was optimized at between 0.5 and 1.0 Torr. The ion current at each selected m/z value was measured for 20 ms during each cycle.
The elution times of the pentafluorobenzyl ester of Nacetyl-ALA, O-pentafluorobenzyl-pyroglutamate, and N,Obispentafluorobenzyl-pyroglutamate were determined using authentic standards and the signals were detected at the masses of their base peaks corresponding to (M -181), where 181 is the mass of the pentafluorobenzyl group that is released upon ionization of the pentafluorobenzyl esters (Blair et al., 1982) . The isotope ratios of the experimental samples were determined in the selected ion monitoring mode by monitoring the (M -181), (M -180), and (M -179) masses, which correspond to molecules with zero, one, or two isotopically substituted heavy atoms, respectively. The area under each isotopic peak was integrated by summing the intensities of each mass after subtracting a constant background. Care was taken to include the entire chromatographic peak to minimize isotopic fractionation.
Other Procedures
Protein was determined by the dye-binding method of Bradford (1976) . Cell population densities were determined with a Coulter Counter (model ZBI, Coulter Electronics). DL-GSA was synthesized by reductive ozonolysis of 4-amino-5-hexenoic acid (Gough et al., 1989) . 
RESULTS

Time Course of ALA Formation
The time course of ALA production was determined in a control experiment under incubation conditions identical to those used for the labeling experiments, except that unlabeled glutamate was supplied as the substrate. The rate of ALA production increased at an approximately exponential rate for the first 30 min of incubation, then continued at a constant rate for at least the next 30 min (Fig. 4) . The best-fit linear regression line through the time points between 30 and 60 min extrapolates to the time axis at 22.5 min. The time course for conversion of glutamate to ALA is consistent with the production of GSA as a free intermediate in the coupled enzyme system and indicates that the GSA must increase to a certain concentration before its conversion to ALA reaches a measurable rate. In a control experiment in which 50 PM DL-GSA was substituted for the glutamate, ATP, and NADPH in the incubations, ALA was produced at a nearly constant rate, and the best-fit linear regression line through a11 time points extrapolates to the time axis at 1.4 min. Thus, within the error limits of the experiment, no lag was detected. The fact that the rate of ALA formation from GSA was lower than the maximal rate of ALA formation from glutamate indicates that the concentration of added GSA was less than the concentration needed to saturate GSA aminotransferase and/or that D-GSA present in the supplied racemic DL-GSA competed with the preferred substrate, L-GSA (Friedmann et al., 1992) , for access to the catalytic site.
Estimation of Nonenzymic CSA Transamination
At high concentrations, GSA is nonenzymically converted to ALA, probably by a bimolecular mechanism similar to that shown in Figure 2 , model 1 . Because this reaction involves intermolecular N transfer, it was important to determine the extent of nonenzymic conversion of GSA to ALA under the incubation conditions used for the labeling experiment. Two incubations were carried out under conditions identical to those used for the labeling experiment, except that unlabeled glutamate was used as the substrate. One incubation was supplemented with 10 PM 4-amino-5-hexynoic acid, which is a mechanism-based irreversible inhibitor of GSA aminotransferase (Elich and Lagarias, 1988; Avissar and Beale, 1989a; Mayer and Beale, 1990) . The incubation containing the inhibitor accumulated 16% as much ALA as the control incubation. This result indicates that maximally 16% of the ALA that was synthesized in the incubation was formed via nonenzymic GSA transamination. The actual amount of nonenzymic GSA transamination was probably less than 16%, because GSA aminotransferase was probably not completely inhibited by the 4-amino-5-hexynoic acid under these conditions, where the inhibitor was not preincubated with the enzyme.
Effects of Omitting Pyridoxal Phosphate from Extraction and lncubation Media
In previous studies of ALA formation from glutamate, pyridoxal phosphate was added to extraction and incubation media because this compound was shown to be a cofactor of GSA aminotransferase (Avissar and Beale, 1989b; Bull et al., 1990) . In preliminary experiments, the extraction and incubation media were supplemented with 20 p~ pyridoxal phosphate. Nearly complete exchange of N atoms occurred among the glutamate molecules during these incubations (data not shown). To prevent the glutamate N exchange, it was necessary to extract the enzymes from the cells and perform the incubations in the absence of added pyridoxal phosphate. Although the earlier experiments showed that pyridoxal phosphate is a cofactor of GSA aminotransferase, the Chlorella enzyme retains sufficient cofactor during extraction that some activity remains even when the extraction and incubation solutions are not supplemented with pyridoxal phosphate (Avissar and Beale, 198910 ). It appears that, in the cell extracts used in these experiments, other aminotransferases catalyze exchange of N atoms among the glutamate molecules during the incubation. These aminotransferases apparently do not retain their cofactors as well as GSA aminotransferase when the extractions are performed in the absence of added pyridoxal phosphate, and the omission of added pyridoxal phosphate differentially lowers the rate of these exchange reactions, relative to the effect on GSA aminotransferase, and allows the conversion of glutamate to ALA to occur while minimizing the exchange of N atoms between glutamate molecules. Therefore, pyndoxal phosphate was omitted from a11 extractions and incubations, including those in control Plant Physiol. Vol. 101, 1993 experiments used to determine the time course of ALA formation and the extent of nonenzymic conversion of GSA to ALA. The results described above indicate that sufficient GSA aminotransferase activity was present in the incubation that the conversion of GSA to ALA was predominantly enzymic.
Derivatization of ALA and Glutamate for CC-MS
The method used for conversion of ALA and glutamate to pentafluorobenzyl esters for isotope ratio analysis demonstrates a general procedure that is applicable to most amino acids. The use of pentafluorobenzyl esters as the GC-MS derivative has three benefits: (a) the derivatization may be camed out in water in the presence of any nonnucleophilic buffer4; (b),the sensitivity of detection of the pentafluorobenzyl esters in the negative chemical ionization mode is extremely high-routinely in the fmol to low pmol range (Blair et al., 1982) ; and (c) because the pentafluorobenzyl group is lost during ionization, no new isotopomers are formed by the pentafluorobenzylation, whereas standard silylation procedures introduce a variety of Si isotopes that complicate isotopic analysis.
An improved derivatization procedure uses 1 mL of 95% (v/v) ethanol/0.3 M Mops (3:1, v/v), pH 6.5, with 20 pL of pentafluorobenzyl bromide heated at 65OC for 2 h. 
ALA Formation from "N-and 13C-Labeled Clutamate
The incubations with 15N-and 13C-labeled glutamate were done on a somewhat larger scale than was previously used, and the yield of ALA was correspondingly greater. Complete incubation mixtures yielded approximately 60 nmol of ALA, whereas incubations lacking added glutamate and tRNA produced less than 2 nmol of ALA. The ALA was isolated, derivatized, and analyzed by GC-MS. Standard N-acetyl-ALA eluted from the GC column at 7.1 to 7.5 min. Figure 5A shows a representative mass spectrum of N-acetyl-ALA derived from the incubation with a mixture of 15N-and 13C-labeled glutamate. The molecular mass of the parent ion of unlabeled N-acetyl-ALA (carboxyl anion) is 172.06. Figure  5B shows the total ion current in the GC elution profile. Nacetyl-ALA was well separated from other materials in the injected sample. Figure 5C shows the GC elution profiles with the detector set to detect masses of 171, 172, 173, and 174. Elution peak integration has the effect of canceling background and noise signals due to materials that do not elute at the time of N-acetyl-ALA, and the absence of an elution peak at a mass one unit lower than the nominal mass of N-acetyl-ALA indicates that the N-acetyl-ALA was sufficiently pure to allow determination of its isotopic composition . , and indicates that the l5N-labeled glutamate was converted to ALA with a small amount of label dilution. The label dilution was probably caused by residual a-amino acid aminotransferase activity that remained in the cell extract even when the incubations were not supplemented with pyridoxal phosphate.
The ratio of (M + 2) to (M + 1) is a particularly sensitive measure of the degree to which the N atoms remained associated with the C atoms of the substrate molecules during the incubation, and this ratio is relatively insensitive to small amounts of label dilution by ALA that may have been formed from endogenous unlabeled glutamate in the incubation mixtures. If the N atoms in the ALA that was formed in the incubation containing the mixture of glutamate substrates had remained associated with their original C skeletons, the expected (M + 2)/(M + 1) ratio would be the mean of the ratios of the ALA samples produced in the incubations with the individual glutamate substrates, which is equal to 0.081. If the substrates had been 100% enriched in the I5N and 13C labels and if no dilution by endogenous glutamate occurred, then complete exchange of N atoms would yield a ratio of 0.500. Dilution or incomplete enrichment of the substrates would tend to increase the proportionof the (M + 1) and (M + 2) signals that are due to natural heavy isotope abundance and, therefore, lower the (M + 2)/(M + 1) ratio. The measured ratio of 0.308 for the ALA synthesized from the mixed glutamate substrates is inconsistent with retention of the N atoms with the C atoms of the substrate molecules and indicates that a high degree of exchange of the N atoms occurred during the incubation.
lsotopic Stability of Glutamate during the lncubation
To assess the stability of glutamate against N exchange during the incubation, the glutamate remaining in the reaction solution from the incubation containing the mixture of 15N-and I3C-labeled substrates was isolated and analyzed by GC-MS. For the mass spectral analysis, the signals for pyroglutamate (parent ion molecular mass 128.03) were used. Table I1 lists the isotopic composition of this glutamate. Calculated (M + 2)/(M + 1) ratios are given for the two hypothetical cases of complete retention of the N atoms with their original C skeletons and complete randomization. These calculated values take into account the natural abundance of I3C in N-acetyl-glutamate and the nominal enrichments of 99 and 90%, respectively, for the 15N-and 13C-labeled substrates. The (M + 2)/(M + 1) ratio of 0.139 for the glutamate recovered from the incubation indicates that some N exchange occurred among the substrate molecules during the incubation. However, the degree of N exchange detected in the substrate molecules is much less than, and cannot account for, the N exchange indicated by the distribution of labeled N atoms among the ALA product molecules.
lsotopic Stability of ALA during the lncubation
To assess the stability of the ALA produced by the reaction against N exchange during further incubation, samples of ALA were produced in incubations containing only L-[~~N]-glutamate or L-[l -'3C]glutamate. These ALA samples were then mixed and added to a second incubation that contained a11 other ingredients except glutamate and tRNA. After the second incubation, the ALA was reisolated and analyzed by GC-MS. Table I11 lists the isotopic composition of the reincubated ALA. From the isotopic compositions of the ALA produced in the incubations with the individual labeled glutamate substrates (Table I) , it was calculated that complete randomization of N atoms in the ALA would result in an (M + 2)/(M + 1) ratio of 0.424, whereas complete retention of the N atoms with their original C skeletons would yield the mean ratio indicated in Table 111 . The (M + 2)/(M + 1) ratio for the ALA recovered from the second incubation, when compared with the calculated ratios for complete retention and complete exchange of N atoms, indicates that significant exchange of N atoms between ALA molecules did not occur during the incubation.
DISCUSSION
The mass spectral analyses show that during the conversion of glutamate to ALA, the N atom of the substrate was not retained with the original C skeleton. Control experiments indicate that significant N exchange did not occur between ALA molecules under the incubation conditions. Other control experiments show that some N exchange did occur between glutamate molecules, even when pyridoxal phosphate was omitted from the extraction and incubation media, but that this exchange cannot account for the more complete randomization of N atoms in the ALA. Therefore, it can be concluded that the conversion of glutamate to ALA occurs with intermolecular transfer of the N atom from C-2 of glutamate to C-5 of ALA. It was not possible to determine the extent of N exchange among GSA molecules that accumulated in the incubation mixture during the transformation of labeled glutamate to ALA. Although it is conceivable that such exchange is possible, any mechanism through which it might occur would also apply to N exchange among ALA molecules. Because ALA N exchange did not occur, it seems unlikely that GSA N exchange occurred during the incubation. Levulinate was added to a11 incubations to enhance the accumulation of ALA by blocking its conversion to porphobilinogen. It is conceivable that levulinate might affect the exchange of N among GSA molecules. However, N exchange did not occur among glutamate or ALA molecules in the presence of levulinate, and there is no reason to expect that levulinate would differentially affect GSA N exchange. It is also conceivable that GSA aminotransferase in the pyridoxamine form can form ALA by transferring N to levulinate. However, the fact that the ALA formed in the presence of 13C-glutamate had a ratio of (M + 1) to [M + (M + l)] that was nearly the same as the calculated ratio for the 13C-glutamate substrate indicates that ALA formation from levulinate did not occur to a significant extent.
Our results agree with the conclusions reached by Mau and Wang (1988) and confirm that the conversion of glutamate to ALA occurs by intermolecular N transfer. Although the evidence obtained in the earlier report, using Chlamydomongs extracts, supports this conclusion, a possible source of error was not excluded: N exchange among the ALA molecules during the incubation would have produced the same result as conversion of glutamate by intermolecular N transfer. The results of our control experiments eliminate this possible source of error and therefore put the conclusion on a firmer foundation.
Intermolecular N transfer is compatible with severa1 proposed GSA aminotransferase reaction mechanisms, but is incompatible with the model in which enzyme-bound DOVA is an intermediate (Fig. 2, model 4) . DOVA has long been considered to be a possible intermediate in ALA biosynthesis because added DOVA is readily converted to ALA by unfractionated cell extracts (Gassman et al., 1968) . However, more recent evidence supports the participation of DAVA, rather than DOVA, as the enzyme-bound intermediate. The Synechococcus GSA aminotransferase exhibits enantioselectivity toward (S)-and (R)-diarninovaleric acids (Friedmann et al., 1992) . The preference for (S)-DAVA is consistent with the derivation of (S)-DAVA from L-GSA and L-glutamate with retention of the configuration at the asymmetric C atom. Relative to the high activity of the enzyme with (S)-DAVA, enzyme-pyridoxamine N transferase activity is very poor with DOVA as the acceptor (Smith et al., 1991a; Friedmann et al., 1992) . With purified recombinant Synechococcus (Smith et al., 1991b) and barley (Berry-Lowe et al., 1992) GSA aminotransferase, DOVA acts as an inhibitor of ALA formation from GSA, whereas DAVA stimulates activity. In single turnover catalysis, GSA aminotransferase that contains its cofactor in the pyridoxamine form can react with DOVA to yield ALA (Smith et al., 1991~1, 1991b Ilag and Jahn, 1992; Pugh et al., 1992) . However, this reaction converts the cofactor to the pyridoxal form and the steady-state reaction rate with DOVA is very low. High DOVA transamination activity in cell extracts has been attributed to acceptance of DOVA as an artificial substrate in vitro by another enzyme, glyoxylate aminotransferase (Foley and Beale, 1982) . Extracts of dark-grown Euglena cells had nearly the same DOVA transaminase activity as extracts of light-grown cells (Foley and Beale, 1982) , even though GSA aminotransferase activity was undetectable in the dark-grown Euglena cell extracts (Mayer and Beale, 1991) . Further evidence for the catalysis of DOVA transamination by an enzyme other than GSA aminotransferase, and the noninvolvement of DOVA transamination in ALA synthesis in vivo, is provided by the existence of an ALA auxotrophic Salmonella typhimurium strain, extract of which lacks GSA aminotransferase activity but still catalyzes DOVA transamination (Elliott et al., 1991) .
The results described above suggest that DOVA transamination is an in vitro artifact and is not related to ALA biosynthesis. Nevertheless, models implicating DOVA in ALA biosynthesis still have their adherents (Dornemann et al., 1990; Domemann, 1992) . Because free DOVA acts as an inhibitor rather than an activator of Chl synthesis in intact Scenedesmus cells, enzyme-bound DOVA was proposed as an intermediate (Dornemann et al., 1990) . However, our results showing that ALA formation from glutamate occurs via intermolecular N transfer appear to rule out enzyme-bound DOVA as an intermediate in the GSA aminotransferase reaction.
Although intermolecular N transfer is compatible with free DOVA or DAVA as reaction intermediates, kinetic data do not support the involvement of free intermediates. An initial lag in the rate of conversion of GSA to ALA would be expected if a pool of free DAVA or DOVA were required to be synthesized before their transformation to ALA could occur. In previous reports, the time course of ALA formation from GSA exhibited no lag at incubation times extending down to.5 min (Kannangara and Gough, 1978; Hoober et al., 1988) . Our results confirm the absence of an initial lag in the conversion of GSA to ALA, even at shorter reaction times. Therefore, reaction models with free intermediates in the conversion of GSA to ALA (Fig. 2 , models 5 and 6) are not supported by the kinetic data. Kinetic data also fail to support a bimolecular substrate-binding model (Fig. 2, model 1) . The requirement for the binding of two GSA molecules at a catalytic site should result in nonhyperbolic reaction rate dependence on GSA concentration. However, both the Synechococcus enzyme (Smith et al., 1991a (Smith et al., , 1991b and the recombinant barley GSA aminotransferase, expressed in Escherichia coli (Berry-Lowe et al., 1992) , display hyperbolic GSA concentration dependence and linear Lineweaver-Burk-transformed concentration dependence curves, indicating that the reaction rate is first order with respect to GSA concentration. Of the two remaining proposed reaction models, both of which have enzyme-bound DAVA as the intermediate (Fig. 2, models 2 and 3) , model 2 is preferred on the basis of the high effectiveness of the mechanismbased suicide inhibitor, gabaculine, which inhibits the GSA aminotransferase by reacting irreversibly with the pyridoxal form of the cofactor to form a secondary amine (Rando, 1977; Avissar and Beale, 1989b ). In reaction model 2, the cofactor cycles between the pyridoxamine and pyridoxal forms and gabaculine is presumably able to displace DAVA from the catalytic site of the pyridoxal-enzyme and then react with the cofactor. By contrast, in model 3 the intermediate DAVA is complexed with the cofactor in a pyridoxaldimine adduct, and the cofactor never appears in the pyridoxal form that is required for reaction with gabaculine.
In conclusion, the only proposed model for the GSA aminotransferase reaction that is fully compatible with the labeling, kinetic, and inhibition data is a unimolecular one in which pyridoxal-enzyme-bound DAVA is the intermediate.
